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ABSTRACT 

The  space s h u t t l e  ma in  e n g i n e  ( S S M E )  i s  b a s i c a l l y  
comprised of a c o m b u s t i o n  chamber  a n d  n o z z l e ,  h i g h  a n d  l o w  
p r e s s u r e  oxygen  t u r b o p u m p s  a n d  h i g h  a n d  l o w  p r e s s u r e  f u e l  
t u r b o p u m p s .  I n  t h e  c u r r e n t  c o n f i g u r a t i o n ,  t h e  h i g h  p r e s s u r e  
f u e l  (HPFTP) a n d  h i g h  p r e s s u r e  oxygen  t u r b o p u n p s  ( H P O T P )  h a v e  
e x p e r i e n c e d  a h i s t o r y  o f  b a l l  b e a r i n g  w e a r .  The w e a r  problem 
c a n  be a t t r i b u t e d  t o  numerous  f ac to r s  i n c l u d i n g  t h e  
h y d r o d y n a m i c  a x i a l  a n d  r a d i a l  loads c a u s e d  by t h e  f l o w  of 
l i q u i d  o x y g e n  a n d  l i q u i d  h y d r o g e n  t h r o u g h  t h e  t u r b o p u m p ' s  
impel le rs  a n d  t u r b i n e .  A l s o ,  f r i c t i o n  e f f e c t s  b e t w e e n  t h e  
r o l l i n g  e l e m e n t s ,  races, a n d  cage c a n  create t h e r m a l l y  i n d u c e d  
b e a r i n g  g e o m e t r y  c h a n g e s .  I f  t h e  f r i c t i o n a l  h e a t  g e n e r a t i o n  
becomes greater t h a n  t h e  ava i l ab le  c o o l a n t  c a p a c i t y  
a n d  i f  t h e  h y d r o d y n a m i c  loads  become excess ive ,  t h e n ,  
t h e n  t h e r m a l  effects  a n d  l o a d i n g  c a n  c o n t r i b u t e  t o  e v e n t u a l  
b e a r i n g  f a i l u r e .  T o  a l l e v i a t e  some of t h e  c u r r e n t  
c o n f i g u r a t i o n  problems, P r a t t  a n d  W h i t n e y  has proposed the 
a l t e r n a t e  t u r b o p u m p  d e v e l o p m e n t  ( A T D ) .  However, t h e  ATD HPOTP 
a n d  HPFTP are c o n s t r a i n e d  t o  operate  i n t e r c h a n g e a b l y  w i t h  t h e  
c u r r e n t  t u r b o p u m p s ,  t h u s ,  t h e  o p e r a t i o n  c o n d i t i o n s  m u s t  be 
s imi la r .  The  ATD c o n f i g u r a t i o n  f e a t u r e s  a major c h a n g e  i n  
b e a r i n g s  u s e d  t o  s u p p o r t  t h e  i n t e g r a t e d  s h a f t ,  impe l l e r  a n d  
t u r b i n e  system. A s i n g l e  b a l l  a n d  s i n g l e  ro l le r  b e a r i n g  w i l l  
replace t h e  pump-end a n d  t u r b i n e  e n d  d u p l e x  b a l l  b e a r i n g s .  

I n  t h i s  s t u d y ,  t h e  SHABERTH ( S h a f t - B e a r i n g - T h e r m a l )  
c o m p u t e r  code w a s  u s e d  t o  model t h e  ATD HPOTP a n d  ATD HPFTP 
c o n f i g u r a t i o n s .  A t w o - b e a r i n g  model w a s  u s e d  t o  s i m u l a t e  t h e  
HPOTP a n d  HPFTP b e a r i n g s  a n d  s h a f t  g e o m e t r y .  From SHABERTH, a 
c o m p a r i s o n  of b e a r i n g  r e a c t i o n  l o a d s ,  f r i c t i o n a l  h e a t  g e n e r a t i o n  
ra tes ,  a n d  H e r t z  contac t  stresses w i l l  be attempted w i t h  P r a t t  
a n d  W h i t n e y ' s  a n a l y s i s  a t  t h e  1 0 9 %  a n d  65% power levels.  
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I N T R O D U C T I O N  

The s p a c e  s h u t t l e  m a i n  e n g i n e  (SSME) i s  b a s i c a l l y  
comprised of a c o m b u s t i o n  chamber ,  n o z z l e ,  h i g h  a n d  l o w  
p r e s s u r e  f u e l  a n d  oxygen  t u r b o p u m p s .  I n  t h e  c u r r e n t  
c o n f i g u r a t i o n ,  t h e  h i g h  p r e s s u r e  f u e l  a n d  oxygen  t u r b o p u m p s  
(HPFTP a n d  HPOTP) h a v e  had  a h i s t o r y  of b a l l  b e a r i n g  w e a r .  
T h i s  w e a r  has c o n t r i b u t e d  t o  numerous  f a c t o r s  i n c l u d i n g  
h y d r o d y n a m i c  a x i a l  a n d  r a d i a l  l o a d s  c a u s e d  b y  t h e  f l o w  o f  
l i q u i d  hydrogen (LH2)  a n d  oxygen  ( L O X )  t h r o u g h  t h e  
t u r b o p u m p ' s  impel le rs  a n d  t u r b i n e s .  Also ,  wear c a u s e d  by 
f r i c t i o n  e f fec ts  creates t h e r m a l l y  i n d u c e d  b e a r i n g  g e o m e t r y  
c h a n g e s .  P r a t t  a n d  W h i t n e y  A i r c r a f t  [ 8 ]  has b e e n  c o n t r a c t e d  
t o  develop a n  a l t e r n a t e  d e s i g n  f o r  t h e  h i g h  p r e s s u r e  oxygen  
a n d  f u e l  t u r b o p u m p s .  T h i s  a l t e r n a t e  tu rbopump development 
(ATD) w i l l  h o p e f u l l y  a l l e v i a t e  t h e  b e a r i n g  w e a r  p r o b l e m s  of 
t h e  c u r r e n t  d e s i g n .  However, t h e  ATD t u r b o p u m p s  are 
c o n s t r a i n e d  t o  opera te  i n t e r c h a n g e a b l y  w i t h  c u r r e n t  t u r b o p u m p  
c o n f i g u r a t i o n s ;  t h u s ,  t h e  ATD mus t  h a v e  t h e  same o p e r a t i n g  
c o n d i t i o n s  t o  g e n e r a t e  t h e  power  l e v e l s  of t h e  c u r r e n t  SSME 
t u r b o p u m p s .  S i n c e  t h e  ATD i s  i n  t h e  d e v e l o p m e n t  p h a s e  o f  
d e s i g n ,  t h e  f i r s t  s tep  i n  p r o v i n g  t h e  f e a s i b i l i t y  of t h e  
proposed c h a n g e s  i s  a n a l y t i c a l .  Once a n  a n a l y t i c a l  ba s i s  i s  
e s t a b l i s h e d ,  t h e n  t h e  c o n s t r u c t i o n  a n d  i n s t r u m e n t a t i o n  of t h e  
b e a r i n g  testers i s  c o m p l e t e d  t o  p r o v i d e  t h e  n e c e s s a r y  t es t  
da t a  f o r  r a t i n g  t h e  b e a r i n g ' s  p e r f o r m a n c e .  T h e  f i n a l  phase 
w i l l  be t h e  c o n s t r u c t i o n  a n d  t e s t i n g  o f  h i g h  p r e s s u r e  f u e l  
a n d  o x y g e n  t u r b o p u m p s .  The t e s t i n g  of t h e  t u r b o p u m p s  i n  a n  
e n g i n e  system w i l l  g e n e r a t e  t h e  n e c e s s a r y  d a t a b a s e  t o  c o n f i r m  
t h e  ATD d e s i g n  f o r  f l i g h t  s t a n d a r d s .  

I n  t h e  ana ly t i ca l  p h a s e ,  o n e  t o o l  i n  t h e  p r e d i c t i o n  of 
b e a r i n g  b e h a v i o r  i s  t h e  u s e  of t h e  SHABERTH ( S h a f t - B e a r i n g -  
T h e r m a l )  c o m p u t e r  p r o g r a m .  T h i s  p r o g r a m ,  o r i g i n a l l y  
developed by SKF I n d u s t r i e s ,  h a s  b e e n  g r e a t l y  m o d i f i e d  by SRS 
T e c h n o l o g i e s / S y s t e m  D i v i s i o n  of H u n t s v i l l e ,  A labama ,  t o  mode l  
HPFTP and HPOTP f o r  NASA M a r s h a l l  S p a c e  F l i g h t  C e n t e r  (MSFC). 
SHABERTH i n p u t  data  necessary f o r  t h e  p r o g r a m ' s  e x e c u t i o n  i s  
a c o l l e c t i o n  o f  i n f o r m a t i o n  c o n c e r n i n g  t h e  b e a r i n g ' s  a n d  
s h a f t ' s  g e o m e t r y  and mater ia l  p r o p e r t i e s ,  t h e  l o c a t i o n  and 
m a g n i t u d e  of t h e  loads app l i ed  t o  t h e  s h a f t  a n d  t h e  i n i t i a l  
t h e r m a l  e n v i r o n m e n t  of t h e  b e a r i n g s .  The c o l l e c t i o n  o f  i n p u t  
data w a s  performed i n  t h i s  s t u d y  f o r  b o t h  t h e  ATD h i g h  
pressure f u e l  a n d  oxygen  t u r b o p u m p  c o n f i g u r a t i o n s .  From t h i s  
g i v e n  i n f o r m a t i o n ,  SHABERTH w i l l  c a l c u l a t e  f r i c t i o n a l  heat 
g e n e r a t i o n ,  b e a r i n g  H e r t z i a n  c o n t a c t  stresses, b e a r i n g  
c l e a r a n c e  c h a n g e s  a n d  b e a r i n g  r e a c t i o n  l oads .  T h e s e  are o n l y  
a sample of SHABERTH's o u t p u t  r e s u l t s ,  b u t  w i l l  be t h e  c h o s e n  
r e s u l t s  t o  i n d i c a t e  t h e  b e a r i n g ' s  p e r f o r m a n c e  i n  t h i s  s t u d y .  



F o r  sample i n p u t  a n d  o u t p u t  l i s t i n g s ,  r e f e r e n c e s  [ 4 , 5 ]  are 
u s e f u l .  T h e s e  r e f e r e n c e s  are t h e  u s e r  m a n u a l s  f o r  t h e  
SHABERTH p r o g r a m .  

ATD D e s i g n  

The ATD h i g h  p r e s s u r e  oxygen  t u r b o p u m p  (HPOTP)  
c o n f i g u r a t i o n  i s  shown s c h e m a t i c a l l y  i n  F i g u r e  1. The  
t u r b o p u m p  c o n s i s t s  of t h e  s a m e  major componen t s  as t h e  c u r r e n t  
c o n f i g u r a t i o n .  T h e s e  c o m p o n e n t s  are  a p r e b u r n e r  i m p e l l e r ,  
m a i n  i m p e l l e r ,  a n d  t u r b i n e  d i s k  w i t h  b lades  w h i c h  are 
i n t e g r a t e d  i n t o  a system by a common h o l l o w  s h a f t .  T h e  m a i n  
d i f f e r e n c e s  i n  t h e  ATD HPOTP d e s i g n  are t h e  c h o i c e  of 
b e a r i n g s  t o  s u p p o r t  t h e  s h a f t .  C u r r e n t l y ,  a d u p l e x  p a i r  o f  
45  mm b o r e  b a l l  b e a r i n g s  s u p p o r t  t h e  pump e n d ,  whereas  a 
d u p l e x  p a i r  of 57 mrn bore b a l l  b e a r i n g s  s u p p o r t  t h e  t u r b i n e  
e n d  o f  t h e  HPOTP. The 4 5  mm bore pump e n d  b a l l  b e a r i n g s  h a v e  
b e e n  replaced w i t h  a s i n g l e  60  mm bore b a l l  b e a r i n g .  On t h e  
t u r b i n e  e n d ,  t h e  57 mm bore b a l l  b e a r i n g s  have b e e n  replaced 
by a s i n g l e  7 3  mm bore  c y l i n d r i c a l  ro l le r  b e a r i n g .  

A l s o ,  shown i n  F i g u r e  1 on t h e  t u r b i n e  e n d ,  a s m a l l  
t h r u s t  b a l l  b e a r i n g  e x i s t s .  I t s  p u r p o s e  i s  t o  react a n y  
t r a n s i e n t  u n b a l a n c e  a x i a l  load toward t h e  t u r b i n e .  
T h i s  t h r u s t  b a l l  b e a r i n g  i s  t o  o n l y  carry t r a n s i e n t  a x i a l  
load s i n c e  c y l i n d r i c a l  r o l l e r  b e a r i n g s  are,  by d e s i g n ,  r a d i a l  
load  car r ie rs .  U n f o r t u n a t e l y ,  t h i s  t h r u s t  b e a r i n g  i s  n o t  
i n c l u d e d  i n  t h i s  s i m u l a t i o n .  T h i s  e x c l u s i o n  i s  d u e  t o  
i n s u f f i c i e n t  i n f o r m a t i o n  c o n c e r n i n g  t h e  t h r u s t  b e a r i n g ' s  
g e o m e t r y  a t  t h i s  t i m e .  These a x i a l  loads are o n l y  
s i g n i f i c a n t  i n  t h e  s t a r t - u p  o r  shut -down of t h e  e n g i n e s .  
S i n c e  a 1098 f u l l  power level  h a s  b e e n  c h o s e n  t o  be s i m u l a t e d  
i n  t h i s  s t u d y ,  t h e s e  a x i a l  loads  w i l l  n o t  be c o n s i d e r e d .  So, 
t h e  e x c l u s i o n  of t h e  t h r u s t  b e a r i n g  s h o u l d  n o t  s i g n i f i c a n t l y  
affect  t h e  r e s u l t s  of t h i s  s i m u l a t i o n .  

A n o t h e r  d i f f e r e n c e  i n  t h e  ATD HPOTP i s  t h e  l o c a t i o n  of 
t h e  i n t e r p r o p e l l e n t  seal  p a c k a g e .  The l a b y r i n t h  seals are 
now b e t w e e n  t h e  r o l l e r  b e a r i n g  a n d  t h e  ma in  impel ler .  T h i s  
a l lows t h e  ro l le r  a n d  t h r u s t  b a l l  b e a r i n g  t o  be operated i n  
a l i q u i d  h y d r o g e n  (LH2)  e n v i r o n m e n t .  W h e r e a s ,  t h e  HPOTP b a l l  
b e a r i n g  w i l l  operate  i n  a l i q u i d  o x y g e n  ( L O X )  i n  e n v i r o n m e n t .  

The  ATD h i g h  p r e s s u r e  f u e l  t u r b o p u m p  (HPFTP) c o n f i g u r a t i o n  
i s  shown s c h e m a t i c a l l y  i n  F i g u r e  2 .  A g a i n ,  t h i s  t u r b o p u m p  
c o n s i s t s  of t h e  same major  c o m p o n e n t s  as t h e  c u r r e n t  
c o n f i g u r a t i o n .  The HPFTP c o n s i s t s  of f i r s t ,  s e c o n d ,  a n d  
t h i r d  stage impe l l e r s  a n d  a t u r b i n e  blades a n d  d i s k  t h a t  are 
i n t e g r a t e d  o n t o  a h o l l o w  s h a f t .  The  ATD HPFTP replaces 
t h e  45  mm bore d u p l e x  p a i r  pump e n d  b a l l  b e a r i n g s  w i t h  a 
s i n g l e  6 3  mm b a l l  b e a r i n g  a n d  t h e  4 5  mm bore d u p l e x  pa i r  
t u r b i n e  e n d  b a l l  b e a r i n g s  w i t h  a s i n g l e  73mm bore c y l i n d r i c a l  
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r o l l e r  b e a r i n g .  I n  t h e  HPFTP, n o  t h r u s t  b a l l  b e a r i n g  i s  
n e c e s s a r y  s i n c e  t h e r e  e x i s t s  a b a l a n c e  p i s t o n  a n d  r u b - s t o p s  
t o  c o n t r o l  a n y  a x i a l  movemen t .  T h u s ,  t h e  r o l l e r  b e a r i n g  
s h o u l d  be r e a c t i n g  t o  o n l y  r a d i a l  l o a d s .  Both t h e  b a l l  and  
r o l l e r  b e a r i n g s  w i l l  be o p e r a t i n g  i n  t h e  l i q u i d  h y d r o g e n  
(LH2) f u e l  e n v i r o n m e n t .  

OBJECTIVES 

The p u r p o s e  of t h i s  s t u d y  i s  t o  model t h e  A T D  HPOTP a n d  
HPFTP c o n f i g u r a t i o n s  u s i n g  t h e  SHABERTH computer p r o g r a m .  
U s i n g  t h e  r e s u l t s  o f  t h e s e  s i m u l a t i o n s ,  a c o m p a r i s o n  w i l l  be 
attempted t o  P r a t t  a n d  W h i t n e y ' s  p r e d i c t e d  v a l u e s  f o r  b e a r i n g  
r e a c t i o n  l o a d s ,  f r i c t i o n a l  heat g e n e r a t i o n  a n d  H e r t z i a n  
c o n t a c t  stresses. P r a t t  a n d  W h i t n e y  performed one b e a r i n g  
m o d e l s  f o r  both  t h e  HPFTP a n d  HPOTP b a l l  a n d  ro l l e r  b e a r i n g s  
u s i n g  SHABERTH. From SHABERTH, t h e y  p red ic t ed  t h e  
f r i c t i o n a l  h e a t  g e n e r a t i o n ,  w h i l e  f r o m  t h e  A . B .  J o n e s  b e a r i n g  
program, t h e y  o b t a i n e d  v a l u e s  f o r  H e r t z i a n  c o n t a c t  s tress.  
T h e r e f o r e ,  t h e  o b j e c t i v e s  of t h i s  p r o j e c t  w e r e  

1 .  T o  co l l ec t  r a d i a l  h y d r o d y n a m i c  load i n f o r m a t i o n  
r e p r e s e n t i n g  t h e  e f fec ts  of t h e  m a j o r  c o m p o n e n t s  of 
t h e  HPOTP a n d  HPFTP f o r  1 0 9 %  power  l e v e l  a n d  t h e  
6 5 8  power level .  

2 .  T o  create i n p u t  d a t a  f i l e s  r e p r e s e n t i n g  t h e  b a l l  
a n d  r o l l e r  b e a r i n g  g e o m e t r y  a n d  mater ia l  
p r o p e r t i e s ,  t h e  s h a f t  s i z e ,  i n i t i a l  t e m p e r a t u r e s  a t  
1 3  l o c a t i o n s  on t h e  b e a r i n g  d u e  t o  c o o l a n t  f l o w ,  
c o e f f i c i e n t s  o f  f r i c t i o n ,  a x i a l  p re load  f o r  t h e  
b e a r i n g s  and t h e  m a g n i t u d e  a n d  l o c a t i o n  of t h e  
h y d r o d y n a m i c  r a d i a l  l o a d s  a l o n g  t h e  s h a f t .  

3 .  To  a t tempt  a c o m p a r i s o n  of r e a c t i o n  b e a r i n g  l o a d s ,  
f r i c t i o n a l  heat g e n e r a t i o n  a n d  H e r t z i a n  c o n t a c t  
stress o f  t h e  t w o - b e a r i n g  HPOTP a n d  HPFTP SHABERTH 
models t o  P r a t t  and W h i t n e y  o r  SRS T e c h n o l o g i e s  
r e s u l t s .  

SHABERTH Compute r  Model 

SHABERTH p e r f o r m s  a t h e r m o - m e c h a n i c a l  s i m u l a t i o n  of a 
load suppor t  system c o n s i s t i n g  of a f l e x i b l e  s h a f t  s u p p o r t e d  
by u p  t o  f i v e  r o l l i n g  e l e m e n t  b e a r i n g s .  T h e  s h a f t  c a n  be 
ho l low o r  s o l i d  and bf a r b i t r a r y  g e o m e t r y .  Any c o m b i n a t i o n  
of b a l l ,  c y l i n d r i c a l ,  o r  tapered ro l le r  bea r ings  c a n  be u s e d  
t o  support  t h e  s h a f t .  The a p p l i e d  l o a d i n g  c a n  c o n s i s t  of 
p o i n t  o r  d i s t r i b u t e d  moments ,  p o i n t  o r  d i s t r i b u t e d  forces a n d  
s h a f t  m i s a l i g n m e n t s .  B e a r i n g  o p e r a t i n g  c l e a r a n c e  i s  
d e t e r m i n e d  as a f u n c t i o n  of s h a f t  a n d  h o u s i n g  f i t s .  A lumped 
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m a s s  t h e r m a l  model a l l o w s  c a l c u l a t i o n  of steady s t a t e  o r  t i m e  
t r a n s i e n t  system t e m p e r a t u r e s  c o n s i d e r i n g  free a n d  force  
c o n v e c t i o n ,  c o n d u c t i o n ,  r a d i a t i o n  a n d  mass t r a n s p o r t  h e a t  
t r a n s f e r .  The p u r p o s e  of t h i s  program i s  t o  provide a t o o l  
i n  w h i c h  t h e  s h a f t  b e a r i n g  system p e r f o r m a n c e  c h a r a c t e r i s t i c s  
c a n  be d e t e r m i n e d  as f u n c t i o n s  of system t e m p e r a t u r e s .  T h e s e  
system t e m p e r a t u r e s  may be e i t h e r  s t eady  s t a t e  o r  t r a n s i e n t .  
The  b e a r i n g  theory  used i n  SHABERTH is  f o u n d  i n  a r e f e r e n c e  by 
Harr is  [ l ] .  O t h e r  b e a r i n g  t h e o r y  s o u r c e s  are f o u n d  i n  
r e f e r e n c e s  [ 2 , 3 ] .  For a complete d i s c u s s i o n  c o n c e r n i n g  
SHABERTH's s t r u c t u r e ,  r e f e r e n c e s  [ 4 , 5 ]  are program's f irst  
a n d  s e c o n d  g e n e r a t i o n  u s e r  m a n u a l s .  T h e s e  m a n u a l s  provide 
t h e  u s e r  w i t h  examples of i n p u t  format tables a n d  o u t p u t  
l i s t i n g s  f o r  v a r i o u s  cases. 

The  b a l l  b e a r i n g  i n f o r m a t i o n  f o r  b o t h  t h e  ATD HPOTP a n d  
HPFTP w a s  s u p p l i e d  b y  SRS T e c h n o l o g i e s / S y s t e m  D i v i s i o n  o f  
H u n t s v i l l e ,  Alabama. The  ATD HPOTP a n d  HPFTP b a l l  b e a r i n g ' s  
i n n e r  race, o u t e r  race a n d  b e a r i n g  material  are made from 
440C steel .  E a c h  b a l l  c o n s i s t s  of 11 r o l l i n g  e l e m e n t s  w i t h  
a b a l l  diameter of 2 0 . 6  mm ( 0 . 8 1  i n . ) .  The b e a r i n g  bore 
diameter i s  60 mm ( 2 . 3 6  i n . ) ,  t h e  b e a r i n g  o u t e r  d i a m e t e r  of 
1 3 0  mm ( 5 . 1 2  i n . )  a n d  t h e  b e a r i n g  i n n e r  a n d  o u t e r  r i n g  w i d t h s  
of 30 .6  mm ( 1 . 2  i n . ) .  The  HPOTP a n d  HPFTP b a l l  b e a r i n g s  h a v e  
a d iamet r ica l  c l e a r a n c e  of 0 . 1 6 9 8  mm ( 0 . 0 0 6 6 8  i n . )  a n d  a 
p i t c h  diameter of 1 0 0  mm ( 3 . 9 4  i n . ) .  A p r e d i c t i o n  of t h e  
ball-race d r y  c o e f f i c i e n t  of f r i c t i o n  i s  0 . 2 5 .  The d r y  
c o e f f i c i e n t  of f r i c t i o n  b e t w e e n  t h e  b a l l  a n d  cage i s  
predic ted  t o  be 0 . 2 .  I n i t i a l l y ,  t h e  b a l l  b e a r i n g  i n  t h e  
HPOTP w i l l  be cooled w i t h  l i q u i d  o x y g e n  ( L O X )  a t  - 1 4 5 ° C  
( - 2 2 0 ° F )  w h i l e  t h e  HPFTP b a l l  b e a r i n g  w i l l  e x p e r i e n c e  a 
-202°C ( - 3 3 1 . 6 " F )  l i q u i d  h y d r o g e n  ( L H 2 )  c o o l a n t .  

The  ATD HPOTP a n d  HPFTP r o l l e r  b e a r i n g s  h a v e  i n n e r  races 
made of 440C (AMS 5 6 1 8 )  a n d  o u t e r  races made of AIS1 9310 
(AMs 6 2 6 5 ) .  T h e  o u t e r  race material w a s  c h o s e n  t o  r e d u c e  
c r a c k i n g  p o s s i b i l i t i e s  w h i c h  o c c u r r e d  when 440C w a s  u s e d  f o r  
t h e  o u t e r  race material .  B o t h  r o l l e r  b e a r i n g s  c o n t a i n  1 4  
r o l l i n g  e l e m e n t s .  The  HPOTP ro l l e r  b e a r i n g  h a s  a ro l l e r  
l e n g t h  of 1 5  mm ( 0 . 5 9  i n . )  a n d  ro l le r  diameter of 1 5  mm 
( 0 . 5 9  i n . ) .  I t s  ro l l e r  c rown  r a d i u s  i s  695 .9  mm ( 2 7 . 4 " )  a n d  
i t s  ro l l e r  f l a t  l e n g t h  i s  7 .62  mm ( 0 . 3  i n . ) .  The HPOTP r o l l e r  
b e a r i n g  h a s  a bore diameter of 7 3  mm ( 2 . 8 7  i n . ) ,  a b e a r i n g  
o u t e r  diameter of 1 3 3  mm ( 5 . 2 4  i n . ) ,  a n  i n n e r - r i n g  w i d t h  of 
28 .64  mm ( 1 . 1 2 7 5  i n . )  a n d  a n  o u t e r  r i n g  w i d t h  of 30.54 mm 
( 1 . 2 0 2 4  i n . ) .  The  HPOTP r o l l e r  diametrical c l e a r a n c e  is  
-0.0381 mm ( - 0 . 0 0 1 5  i n . ) .  The  HPFTP ro l l e r  b e a r i n g  h a s  a 
l e n g t h  of 1 7  mm ( 0 . 6 6 9  i n . )  a n d  a r o l l e r  diameter of 1 7  mm 
( 0 . 6 6 9  i n . ) .  I t s  ro l l e r  c rown  r a d i u s  i s  6 3 2 . 5  mm ( 2 4 . 9  i n . )  
a n d  i t s  r o l l e r  f l a t  l e n g t h  is  8 .89  mm ( 0 . 3 5  i n .  1. The  HPFTP 
r o l l e r  b e a r i n g  a l s o  h a s  a bore diameter of 7 3  mm ( 2 . 8 7  i n . )  
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b u t  a b e a r i n g  o u t e r  d iameter  of  1 2 7  mm ( 5  i n . ) ,  a n  i n n e r  r i n g  
w i d t h  of 3 4 . 6 1  mm ( 1 . 3 6 2 5  i n . )  a n d  a n  o u t e r  r i n g  w i d t h  of 
3 2 . 5 4  mm ( 1 . 2 8 1  i n . ) .  T h e  HPFTP r o l l e r  d i ame t r i ca l  c l e a r a n c e  
i s  - 0 . 0 6 8 5  mm ( - 0 . 0 0 2 7  i n . )  a n d  a p i t c h  d iameter  of 1 0 3  mm 
( 4 . 0 6  i n . ) .  A p r e d i c t i o n  of t h e  ro l le r - race ,  ro l l e r - cage ,  
a n d  f l a n g e - e n d  d r y  c o e f f i c i e n t  of f r i c t i o n  f o r  t h e  HPOTP a n d  
HPFTP ro l l e r  b e a r i n g s  i s  0 . 1 .  I n i t i a l l y ,  t h e  HPOTP r o l l e r  
b e a r i n g  w i l l  be cooled w i t h  l i q u i d  h y d r o g e n  ( L H 2 )  a t  - 1 1 8 ° C  
( - 1 8 0 . 4 " F ) ;  w h e r e a s ,  t h e  HPFTP r o l l e r  b e a r i n g  w i l l  e x p e r i e n c e  
c o o l i n g  from l i q u i d  h y d r o g e n  a t  -202°C ( - 3 3 1 . 6 " F ) .  

A t  t h e  1 0 9 %  f u l l - p o w e r  l e v e l ,  t h e  HPOTP s h a f t  speed o r  
b e a r i n g  i n n e r  r i n g  speed i s  p red ic t ed  t o  be 2 5 , 9 7 7  r p m .  I n  
c o n t r a s t ,  t h e  6 5 %  power l e v e l  f o r  t h e  HPOTP i s  a p p r o x i m a t e l y  
1 7 , 0 0 0  rpm. F o r  t h e  HPFTP, i t s  1 0 9 %  power l e v e l  s h a f t  speed 
i s  3 8 , 4 8 2  r p m  w h i l e  a t  6 5 %  power l e v e l ,  i t s  s h a f t  speed i s  
2 8 , 5 0 0  r p m .  

T h e  d i m e n s i o n s  f o r  t h e  i n n e r  a n d  o u t e r  s h a f t  d i a m e t e r s  
a n d  t h e  x - d i r e c t i o n  l o c a t i o n s  of t h e s e  d i a m e t e r  c h a n g e s  w e r e  
d e t e r m i n e d  by m e a s u r i n g  t h e  d i s t a n c e s  f r o m  a blue l i n e  
d r a w i n g  of t h e  ATD HPOTP a n d  HPFTP. A scale f a c t o r  of 1 . 0 5  
w a s  u s e d  t o  m a g n i f y  t h e  m e a s u r e d  d i s t a n c e s  t o  t h e i r  f u l l -  
scale va lues .  

T h e  h y d r o d y n a m i c  l o a d s  a n d  t h e i r  x - d i r e c t i o n  l o c a t i o n s  
l o c a t i n g  t h e i r  ef fect  o n  t h e  s h a f t - b e a r i n g  s y s t e m  are shown 
f o r  bo th  t h e  ATD HPOTP a n d  HPFTP t w o - b e a r i n g  models i n  t h e  
A p p e n d i c e s  of t h i s  r e p o r t .  T h e s e  loads  w h i c h  r e p r e s e n t  t h e  
rad ia l  h y d r o d y n a m i c  e f fec t  of t h e  major  c o m p o n e n t s  of t h e  
HPOTP a n d  HPFTP o n  t h e  s h a f t  are r e p r e s e n t e d  by c o n c e n t r a t e d  
force  vec tors .  T h e  force vec to r s  t h a t  are i n  a t h r e e  
d i m e n s i o n a l  space w e r e  reso lved  i n t o  a x-y a n d  x - z  p l a n e  
c o m p o n e n t  form f o r  e n t r y  i n t o  t h e  SHABERTH i n p u t  f i l e .  Also, 
i n  t h e  A p p e n d i c e s  are t w o  t ab les  f r o m  P r a t t  a n d  W h i t n e y  [ l o ]  
p r e d i c t i n g  the h y d r o d y n a m i c  r a d i a l  effects a n d  b e a r i n g  
r e a c t i o n  forces  f o r  6 5 % ,  9 0 %  a n d  1 0 9 %  power l eve ls .  F o r  each 
t ab le ,  a n  a n g l e  o r i e n t a t i o n  based o n  LH2 a n d  LOX i n l e t  a n d  
o u t l e t  d u c t s  are shown .  T h i s  a n g u l a r  o r i e n t a t i o n  i s  a l s o  
shown  schemat i ca l ly  i n  t h e  load x - l o c a t i o n  d iagrams f o r  t h e  
1 0 9 %  power l e v e l  t h a t  are a l s o  located i n  t h e  A p p e n d i c e s .  

T h e  a x i a l  preload t h a t  w a s  placed a r b i t r a r i l y  o n  t h e  
s h a f t  as a t h r u s t  l o a d ,  i s  c a u s e d  by t h e  preload s p r i n g  force 
a x i a l l y  l o a d i n g  t h e  b a l l  b e a r i n g s  i n  b o t h  t u r b o p u m p s .  F o r  
t h e  ATD HPOTP, a n  a x i a l  preload of 1 0 0 0  l b  ( 4 4 4 8  N) i s  
imposed: whereas,  f o r  t h e  ATD HPFTP, a n  a x i a l  preload of 650 
l b .  ( 2 8 9 1  N )  i s  imposed. T h i s  effect has b e e n  placed 
a r b i t r a r i l y  a t  t h e  s h a f t ' s  l e f t  e n d  i n  t h e  schematic loads  
d iagrams i n  t h e  A p p e n d i c e s .  I n  t h e  i n p u t  f i l e ,  t h e  a x i a l  
preload force w a s  placed b e t w e e n  t h e  b a l l  a n d  r o l l e r  b e a r i n g s  
d i rected toward t h e  pump-end b a l l  b e a r i n g .  
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A l l  of t h e  i n p u t s  d i s c u s s e d  c a n  be f o u n d  i n  t h e  r e p o r t ' s  
A p p e n d i c e s  i n  cor rec t ly  formatted l o c a t i o n s .  I n  t h e  
A p p e n d i c e s ,  a n  example i n p u t  l i s t i n g  f o r  t h e  ATD HPOTP a n d  
HPFTP t w o - b e a r i n g  model i s  p r e s e n t e d .  For each b e a r i n g ,  t h e  
b e a r i n g  g e o m e t r y  i s  l i s t e d .  T h e n ,  t h e  i n i t i a l  s teady-state  
t e m p e r a t u r e s  for each b e a r i n g  are l i s t e d  a t  1 3  l o c a t i o n s  o n  
t h e  b e a r i n g .  T h e s e  l o c a t i o n s  are e x p l a i n e d  i n  r e f e r e n c e  [ 5 ] .  
Next ,  t h e  shaf t  d i m e n s i o n s  a n d  x - l o c a t i o n s  are p r e s e n t e d  a n d  
f i n a l l y ,  t h e  x - d i r e c t i o n  l o c a t i o n s ,  w i t h  t h e i r  c o r r e s p o n d i n g  
r a d i a l  l o a d s  a n d  a x i a l  preload a l o n g  . w i t h  t h e  x - d i r e c t i o n  
b e a r i n g  l o c a t i o n s  f o r  b o t h  t h e  x-y a n d  x - z  p l a n e s  are 
p r e s e n t e d .  

A t  t h e  e n d  of e a c h  i n p u t  f i l e ,  SRS T e c h n o l o g i e s  h a s  
added c h a r a c t e r  s t r i n g s  t o  provide t h e  u s e r  w i t h  o p t i o n s .  
The  f i r s t  o p t i o n  i s  t h e  u s a g e  of a s u b r o u t i n e  t o  c a l c u l a t e  
axial  preload c o n d i t i o n s  f o r  t h e  b e a r i n g s .  The p r o c e d u r e  t o  
u s e  t h e  o p t i o n  i s  o u t l i n e d  i n  r e f e r e n c e  [9]. I n  t h i s  
s i m u l a t i o n ,  t h i s  o p t i o n  w a s  n o t  u s e d .  The  a x i a l  preload f o r  
t h e  HPOTP a n d  HPFTP w a s  m a n u a l l y  placed i n t o  t h e  load p o r t i o n  
of t h e  i n p u t  f i l e .  The n e x t  o p t i o n  i s  t h e  u s a g e  of SHABERTH 
o n l y  o r  t h e  S H A B E R T H / S I N D A  i t e r a t i o n  scheme .  SINDA i s  a 
f i n i t e  d i f f e r e n c e  e q u a t i o n  so lve r  w h i c h  u s e s  t h e  f r i c t i o n a l  
heat g e n e r a t i o n  o u t p u t  f r o m  SHABERTH based on  t h e  i n p u t  
i n i t i a l  t e m p e r a t u r e s  a n d  c a l c u l a t e s  a t e m p e r a t u r e  f i e l d  a t  
p r e d e t e r m i n e d  p o i n t s  of t h e  b e a r i n g .  The  r e s u l t s  of t h e  
S I N D A  l o c a l i z e d  a t  t h e  1 3  t e m p e r a t u r e  n o d e s  on t h e  b e a r i n g  
are s u b s t i t u t e d  a top  t h e  o r i g i n a l  t e m p e r a t u r e s  i n  SHABERTH 
u n t i l  a 2°C t h e r m a l  c o n v e r g e n c e  o c c u r s .  A t  t h i s  t i m e ,  S I N D A  
models f o r  t h e  ATD b a l l  a n d  roller b e a r i n g s  do n o t  e x i s t .  
SRS T e c h n o l o g i e s  i s  b e g i n n i n g  work  o n  a g r i d  g e n e r a t i o n  
p r o g r a m  t o  s u b d i v i d e  t h e  n o d a l  areas a u t o m a t i c a l l y .  T h i s  
program s h o u l d  expediate t h e  process of i n p u t t i n g  t h e  n o d a l  
i n f o r m a t i o n  a n d  c o n d u c t a n c e s  i n t o  a SINDA i n p u t  f i l e  w h i c h  
i s  a l o n g  a n d  l a b o r o u s  t a s k .  A l s o ,  i n f o r m a t i o n  c o n c e r n i n g  
t h e  c o o l a n t ' s  f l o w r a t e  a n d  f l u i d  p rope r t i e s  m u s t  be added t o  
t h e  SHABERTH i n p u t  f i l e .  T h e s e  p roper t ies  c a n  be f o u n d  i n  
r e f e r e n c e s  [ 6 , 7 ]  f o r  LOX a n d  LH2. F o r  t h i s  p ro j ec t ,  o n l y  t h e  
SHABERTH p r o g r a m  w a s  u s e d  t o  model t h e  t u r b o p u m p s .  

RESULTS 

Due t o  t h e  l e n g t h  of t i m e  n e c e s s a r y  t o  o b t a i n  t h e  data  
a n d  t o  c o n s t r u c t  t h e  SHABERTH i n p u t  f i l e s ,  a n  e x t e n s i v e  
parametric s t u d y  w a s  n o t  feasible .  The  HPOTP a n d  HPFTP case 
p r e s e n t e d  are o n l y  a t  t h e  1 0 9 %  a n d  65% power levels .  A t  t h e  
1 0 9 %  power l eve l ,  t h e  HPOTP s h a f t  speed i s  2 5 , 9 7 7  r p m  w h i l e  
t h e  HPFTP sha f t  speed i s  a r o u n d  3 8 , 4 8 2  r p m .  A t  t h e  65% power 
l e v e l ,  i t ' s  p red ic t ed  t h a t  t h e  HPOTP s h a f t  speed i s  1 7 , 0 0 0  
r p m ,  w h e r e a s ,  t h e  HPFTP s h a f t  speed i s  2 8 , 5 0 7  r p m .  
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Tab le  1 r e s u l t s  show b e a r i n g  r e a c t i o n  forces  r e q u i r e d  t o  
s u p p o r t  t h e  h y d r o d y n a m i c  r a d i a l  loads  a n d  a x i a l  pre loads  t h a t  
e x i s t  i n  b o t h  t u r b o p u m p s .  I n  T a b l e s  l a  a n d  l b ,  a c o m p a r i s o n  
i s  made b e t w e e n  t h e  t w o - b e a r i n g  SHABERTH model a n d  P r a t t  a n d  
W h i t n e y  b e a r i n g  r e a c t i o n  forces f o r  t h e  HPOTP. P r a t t  a n d  
W h i t n e y ' s  r e s u l t s  are based o n  c a l c u l a t i o n s  u s i n g  t h e i r  
p red ic ted  h y d r o d y n a m i c  r a d i a l  l o a d s .  Tab le  l a  a n d  l b  r e s u l t s  
show close a g r e e m e n t  i n  b e a r i n g  r e a c t i o n  l oads .  A s i m i l a r  
c o m p a r i s o n  c a n  be made i n  Tables  I C  a n d  I d  f o r  t h e  HPFTP t w o  
b e a r i n g  model r e a c t i o n  loads a n d  t h e  P r a t t  a n d  W h i t n e y  
r e s u l t s  . 

Even t h o u g h  t h e r e  i s  good a g r e e m e n t  i n  b e a r i n g  r e a c t i o n  
l oads ,  n o  a g r e e m e n t  c o u l d  be f o u n d  b e t w e e n  t h e  two b e a r i n g  
model a n d  P r a t t  a n d  W h i t n e y ' s  o n e  b e a r i n g  SHABERTH model f o r  
f r i c t i o n a l  heat g e n e r a t i o n .  For t h e  r o l l e r  b e a r i n g  u n d e r  a 
500 l b .  r a d i a l  l oad ,  P r a t t  a n d  W h i t n e y  p r e d i c t s  t h e  HPOTP 
f r i c t i o n a l  r a t e s  t o  be 1 9 1  W ( w a t t s )  a t  1 5 , 0 0 0  rpm a n d  320 W 
a t  2 5 , 0 0 0  r p m .  For t h e i r  HPFTP model which  reacts  t o  a 
2000 l b .  r a d i a l  l o a d ,  t h e i r  o n e  b e a r i n g  SHABERTH model 
p red ic t s  9 2 3  W a t  3 0 , 0 0 0  r p m  a n d  1 1 0 0  W a t  3 5 , 0 0 0  r p m .  I n  
Tables  2 a  a n d  2 b ,  t h e  t w o  b e a r i n g  model r e s u l t s  are compared 
t o  a o n e  b e a r i n g  model g e n e r a t e d  by t h e  a u t h o r  t o  attempt a n  
e x p l a n a t i o n  f o r  t h e  d i s c r e p a n c y  b e t w e e n  P r a t t  a n d  W h i t n e y  a n d  
t h e  a u t h o r ' s  r e s u l t s .  A s  shown i n  T a b l e s  2 a  a n d  2 b  f o r  t h e  
HPOTP a t  t w o  d i f f e r e n t  power levels,  t h e  b a l l  b e a r i n g  h e a t  
g e n e r a t i o n  r e s u l t s  c l o s e l y  agree f o r  t h e  o n e  a n d  t w o  b e a r i n g  
models .  However ,  t h e  r o l l e r  b e a r i n g  h e a t  g e n e r a t i o n  ra tes  
are n o t  as c lose n u m e r i c a l l y ,  b u t  are s i m i l a r  i n  m a g n i t u d e .  
However, n e i t h e r  of t h e s e  models agree w i t h  P r a t t  a n d  W h i t n e y  
r e s u l t s .  I n  Tables  2 c  a n d  2d f o r  t h e  HPFTP model, a g a i n ,  t h e  
b a l l  b e a r i n g  h e a t  g e n e r a t i o n  r a t e s  a re  c o m p a r a b l e ,  h o w e v e r ,  
t h e  r o l l e r  b e a r i n g  rates are q u i t e  d i f f e r e n t .  I t  s e e m s  t h a t  
t h e  o n e - b e a r i n g  model u n d e r p r e d i c t s  t h e  t w o - b e a r i n g  model by 
a b o u t  o n e - h a l f .  T h i s  d i s c r e p a n c y  may be e x p l a i n e d  d u e  t o  a 
c o n v e r g e n c e  error m e s s a g e  t h a t  o c c u r r e d  i n  t h e  o n e - b e a r i n g  
model. The  d e f a u l t  1 5  i t e r a t i o n s  w e r e  n o t  a d e u u a t e  f o r  t h e  
s o l u t i o n  s u b r o u t i n e .  So, t h e  r e s u l t s  f o r  m y  o n e - b e a r i n g  
model may n o t  have t o t a l l y  c o n v e r g e d .  A g a i n ,  n e i t h e r  of t h e  
models'  r e s u l t s  were comparable t o  P r a t t  a n d  W h i t n e y ' s  o n e  
b e a r i n g  model. 

F i n a l l y ,  T a b l e  3 shows  t h e  maximum c o n t a c t  H e r t z i a n  
stresses f o r  t h e  i n n e r  a n d  o u t e r  races f o r  t h e  HPOTP a n d  
HPFTP o n e  a n d  t w o  b e a r i n g  m o d e l s .  F o r  t h e  HPOTP o n e  a n d  t w o  
b e a r i n g  model,  Tables  3 a  a n d  3 b  show a good c o m p a r i s o n  of 
H e r t z  stress f o r  t h e  b a l l  b e a r i n g ;  h o w e v e r ,  t h e  r o l l e r  
bea r ing  r e s u l t s  are n o t  as close n u m e r i c a l l y ,  b u t  are t h e  
s a m e  o rder  o r  m a g n i t u d e .  T a b l e s  3 c  a n d  3d show a s imilar  
p a t t e r n  f o r  t h e  HPFTP o n e  a n d  t w o  b e a r i n g  models. N o  r e s u l t s  
w e r e  o b t a i n e d  f r o m  P r a t t  a n d  W h i t n e y  r e g a r d i n g  H e r t z  stress. 
They  u s e  t h e  A.B.  J o n e s  b e a r i n g  p r o g r a m  t o  c a l c u l a t e  c o n t a c t  
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sses. I n  t h e  i n i t i a l  d e s i g n ,  a c o n t a c t  stress of a round  
000 p s i  ( 2 0 6 8 . 4  MPa) is  predicted t o  e x i s t  i n  t h e  r o l l e r  
, i n g s .  Aga in ,  my r e s u l t s  t e n d  t o  u n d e r p r e d i c t  t h i s  v a l u e .  

A t  t h i s  t i m e ,  t h e  c a u s e  f o r  t h e  agreement  i n  r e a c t i o n  
l o a d s ,  b u t  t h e  d i s c r e p a n c i e s  i n  f r i c t i o n a l  h e a t  ra tes  and  
H e r t z  stresses b e t w e e n  P r a t t  a n d  W h i t n e y ' s  r e s u l t s  and  t h e  
a u t h o r ' s  r e s u l t s  are n o t  known. The a u t h o r  recommends 
f u r t h e r  e f f o r t  be expended t o  v e r i f y  t h e  s i m i l a r i t y  of i n p u t  
da t a  between t h e  two b e a r i n g  model and  P r a t t  and  Whi tney  
models .  More d o c u m e n t a t i o n  of P r a t t  and W h i t n e y ' s  i n p u t  and 
o u t p u t  f o r  t h e i r  SHABERTH and  A.B. J o n e s  models would be 
h e l p f u l  t o  perform a bet ter  v e r i f i c a t i o n  o f  r e s u l t s .  I f  t h e  
compar ison  o f  i n p u t s  i s  exact ,  t h e n ,  t h e  a u t h o r  recommends 
t h e  p o s s i b i l i t y  o f  s u b t l e  d i f f e r e n c e s  t h a t  c o u l d  e x i s t  
be tween P r a t t  and  W h i t n e y ' s  and  NASA/MSFC SHABERTH programs .  
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Table la:  "P Bearing Reaction Loads 
A x i a l  Preload: 4483N (1000 l b )  
109% POWEC - (25,977 q) 

Two Bearing Model P r a t t  & Whitney Results 

Angle FX FY FZ FR FR 

Ball -4375 -667 -580 883.9 221 
Br9 (198.7) 

195 229 

Roller 0 1640 -341 1675.1 101.7 375 102 
Brg . ( 376.6 

Table lb: HpcrrP Bearing Reaction Loads 
Axial Preload: 4483N (1000 lb) 
65% - (17,000 w) 

Two Bearing Model P r a t t  & Whitney Results 

Angle 

(degrees ) 

Ball -4400 90.3 -177 198.7 152.9 
Brg . (44.67) 

45 152 

Roller 0 1331 25.1 1331.2 88.92 300 
Brg . (299.3) 

90 
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Table IC: HPFlT Bearing Reaction Loads  
A x i a l  Preload: 2891N (650 lb) 
109% - (38,482 rpn) 

Two Bearing Model Prat t  & Whitney Results 

Angle 

(degrees ) 

Ball -2797 -1242 473 132.9 20.8 
k g  (298.8) 

300 25 

Roller 0 9902 2349 10,176.8 166.6 2275 
&!3. (2287.8) 

167 

Table Id: HPFTP Bearing Reaction L o a d s  
Axial Preload: 2891N (650 lb) 
65% - (28,507 m) 

Two Bearing Model P r a t t  & Whitney Resu l t s  

Angle FX FY FZ FR FR Angle 

Ball -2831 -952 287 994.3 16.78 
%? (223.5 ) 

225 20 

Roller 0 7262 1419 7399.3 168.9 
kg. (1 663.5 ) 

1660 169 
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T a b l e  2a: I-JEYTP k i c t i o n a l  Heat Genera t ion  R a t e s  (Watts) 
109% power level (25,977 rpn) 
( cage heat n e g l e c t e d  ) 

Two Bearing M o d e l  One Bearing Model 

I n n e r  O u t e r  Total 
Race Race 

Inner O u t e r  T o t a l  
Race Race 

Ball 2535 2477 5012 
Brg  . 2564 2328 4 892 

Roller 17 .5  25.1 42.6 
Brg  . 12 .3  2C .3 32.5 

T a b l e  2b: HPOTP F r i c t i o n a l  Heat Genera t ion  Rates (Watts) 
65% powr level (17,000 r p n )  
( cage heat neglected ) 

Two Bearing M o d e l  One Bearing M o d e l  

I nne r  O u t e r  T o t a l  
Race Race 

Inner Outer T o t a l  
Race Race 

Ball 1321 - 694 2015 

~~ ~~ 

1340 656 1996 

Roller 12.1 13.7 25.8 
Brg  . 9.66 11.5 21.16 
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T a b l e  2c: HPF'IT k i c t i o n a l  Heat G e n e r a t i o n  R a t e s  (Watts) 
109% pouer level (38,482 rpn) 
(cage heat n e g l e c t e d )  

Two Bearing M o d e l  One Bear ing  M o d e l  

Inner O u t e r  Total 
Race Race 

Inner O u t e r  T o t a l  
Race Race 

Ball 2499 9515 12,014 
Brg . 2585 8766 11,351 

Roller 98.6 
Brg. 

163  261.6 36.9 85.3 122.2 

T a b l e  2d: HPFTP k i c t i o n a l  Heat Genera t ion  Rates (Watts) 
65% powr level (28,507 rpn) 
(cage h e a t  neglected 1 

Two Bearing Model One Bearing Model 

Inner O u t e r  T o t a l  
Race Race 

Inner O u t e r  T o t a l  
Race Race 

Ball 1732 2 821 4553 
Brg . 

1793 2653 4446 

R o l l e r  77.2 97.1 174.3 
Brg. 

34.7 51.4 86.1 
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T a b l e  3a: HPOTP Maximum Hertzian C o n t a c t  Stresses ( N / m  2 ) 
109% pomr level (25,977 r p n )  

Two Bearing M o d e l  One Bearing M o d e l  

Inner 
Iiace 

O u t e r  
R a c e  

I n n e r  
Race 

Outer  
R a c e  

Ball 1989.2 
Brg  . 1649.7 1990.3 1643.2 

Roller 1433.5 
Brg. 

1440.7 1250.9 1308.6 

2 T a b l e  3b: "P Maximum H e r t z i a n  Contac t  Stresses (rJ/m ) 
65% power level (17,000 rpn) 

'hm Bearing M o d e l  

Inner 
Race 

Outer 
Race 

Inner 
Race 

O u t e r  
Race 

Ball 1947.3 
Brg  . 1412.4 1913.9 1398.5 

Roller 1459.7 
Brg. 

1358.8 1322.6 1237.3  

m-15 



2 T a b l e  3c: HPFTP Maximm H e r t z i a n  C o n t a c t  Stresses ( N / m  ) 
109% power level (38,482 rpn) 

"m Bearing M o d e l  One Bearing Model 

Inner 
Race 

Outer 
R a c e  

Inner 
R a c e  

O u t e r  
R a c e  

Ball 1806.5 
Brg . 1955.3 1946.2 1955.9 

Roller 21 92.2 
B r g  . 2136.2 1605.3 1754.9 

2 T a b l e  3d: HPFTP Maximum Hertzian C o n t a c t  Stresses ( N / m  ) 
65% pmer level (28,507 rpn) 

Two Bearing Model One Bearing Model 

II-lner 
Race 

O u t e r  
Race 

Inner 
Race 

Outer 
Race 

Ball 1776.6 
B r g  . 1660.7 1853.8 1667.5 

Roller 2168.8 2008.3 1669.7 1635.5 
Brg .  
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ORIGINAL PAGE IS 
OF POOR QUALITY 

C O N C L U S I O N S  AND RECOMMENDATIONS 

Based o n  m y  l i m i t e d  r e s u l t s ,  n o  r e l a t i o n s h i F  c a n  be 
e s t a b l i s h e d  a t  t h i s  t i m e  c o n c e r n i n g  c lose a g r e e m e n t  i.n 
t h e  b e a r i n g  loads: b u t ,  d i s c r e p a n c i e s  i n  t h e  b e a r i n g  
f r i c t i o n a l  h e a t  r a t e s  a n d  H e r t z  stresses b e t w e e n  t h e  a u t h o r ' s  
a n d  P r a t t  a n d  W h i t n e y ' s  models .  I n  a b r i e f  parametric s t u d y ,  
i t  w a s  f o u n d  t h a t  f r i c t i o n a l  heat g e n e r a t i o n  seemed t o  be 
s e n s i t i v e  t o  c h a n g e s  i n  d i a m e t r i c a l  c l e a r a n c e  of t h e  b e a r i n g ,  
t h e  d r y  c o e f f i c i e n t  of f r i c t i o n  a n d  t h e  r o t a t i o n a l  speed of 
t h e  s h a f t  o r  b e a r i n g  i n n e r  r i n g .  H e r t z  stress seemed t o  be 
s e n s i t i v e  t o  t h e  l o a d i n g  a p p l i e d  t o  t h e  s h a f t - b e a r i n g  system. 
T h e  d i s c r e p a n c i e s  b e t w e e n  my o n e  a n d  t w o  b e a r i n g  models  e x i s t  
d u e  t o  a c o n v e r g e n c e  problem i n  t h e  o n e  b e a r i n g  model 
s o l u t i o n  s c h e m e .  T h e  e r ror  w a r n i n g s  a l l o w e d  f o r  c a l c u l a t i o n s  
t o  be e x e c u t e d :  h o w e v e r ,  s u g g e s t e d  t h a t  t h e s e  c a l c u l a t i o n s  
may n o t  be t o t a l l y  c o n v e r g e d  t o  t h e  0 . 0 1  l i m i t  w i t h i n  1 5  
i t e r a t i o n s .  

Based o n  t h i s  s t u d y ,  severa l  r e c o m m e n d a t i o n s  f o r  f u t u r e  
research i n  t h i s  are as f o l l o w s .  

1.  F u r t h e r  e f f o r t s  are n e e d e d  t o  e s t ab l i sh  c o m m o n a l i - t y  
i n  t h e  i n p u t  parameters b e t w e e n  P r a t t  a n d  W h i t n e y  
a n d  t h e  i n d e p e n d e n t  SHABERTH u s e r .  T h i s  i s  
e s p e c i a l l y  i m p o r t a n t  when t h e  d e s i g n  process 
d i c t a t e s  c h a n g e s  i n  t h e  A T D  HPOTP ar,d HPFTP b e a r i n g  
c o n f i g u r a t i o n s .  

2 .  T h e  e s t a b l i s h m e n t  of S I N D A  m o d e l s  are  n e e d e d  f o r  
HPOTP a n d  HPFTP r o l l e r  a n d  b a l l  b e a r i n y .  T h i s  w i l l  
a l l o w  a p o s s i b l e  t h e r m a l l y  c o n v e r g e d  s o l u t i o n  t o  o c c u r  
as  a r e s u l t  of t h e  SHABERTH/SINDA i t e r a t i o n  scheme.  

3 .  T h e  parametric i n v e s t i g a t i o n  c o n c e r n i n g  t h e  
s e n s i t i v i t y  of b e a r i n g  parameter i n p u t s  based o n  
t h e i r  e f f e c t  t o  selected SHABERTH o u t p u t s  as b e a r i n g  
f r i c t i o n a l  heat g e n e r a t i o n ,  H e r t z  s tress,  c l e a r a n c e s  
a n d  b e a r i n g  r e a c t i o n  forces  s h o u l d  be performed.  

H o p e f u l l y ,  from these r e c o m m e n d a t i o n s ,  a u s e f u l  
n u m e r i c a l  model of t h e  ATD HPOTP a n d  ATD HPFTP c a n  be 
c o n s t r u c t e d .  T h e s e  models c o u l d  become a n  i m p o r t a n t  
i n d e p e n d e n t  source of i n f o r m a t i o n  when c o m p a r i n g  i t s  r e s u l t s  
t o  b e a r i n g  tes ter  d a t a  o n  t h e  e v e n t u a l  ATD t u r b o p u m p  t e s t  
da ta .  A l s o ,  parametric s t u d i e s  u s i n g  these models c a n  
provide a r e l a t i v e l y  e c o n o m i c a l  means  t o  p r e d i c t  p o s s i b l e  
problem areas i n  b e a r i n g  p e r f o r m a n c e s .  H o w e v e r ,  f o r  
SHABERTH's r e s u l t s  t o  be a r e l i a b l e  p r e d i c t o r  of b e a r i n g  
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0 performances, it must havn reliable inputs based upon both 
experimental data and analytical formulation. As the ATD 
develops from the design and development stages into the 
construction and testing stages, SHABERTH coupled with SINDA 
can become an important evaluation tool for the bearing 
performance when subjected to the various power levels 
experienced in flight. 
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dynamic Radial Loads [ l o ]  -- H p o T p y d r  

D e V i C e  

Powx Level 

65% 90 % 109% 

Load Angle Load Angle Load Angle 
(lb) (degree) ( l b )  (degree) ( l b )  (degree) 

Prebumer a7 67 106 a4 125 101 
Impeller 

Main- St age 200 
Impeller 

270 220 31 0 235 3 50 

Turbine 200 270 2 60 270 300 2 70 

Resultant 
Bearing L o a d s  

( l b )  

45 

Roller Brg. 300 
(turbine 

end 1 

152 

90 

11 5 

365 

160 

97 

195 

375 

229 

102 
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HPFTP Hydrcdynamic - &dial Loads [ l o ]  -- 

Device 

P m r  Level 

65% 90 8 io98 

Load Angle LOdd Angle Load Angle 
( l b )  (degree) ( l b )  (degree) ( l b )  (degree) 

1 st Stage 12 0 17 0 21 0 
Impeller 

2nd Stage 13 0 18 0 22 0 
Impeller 

3rd Stage 390 2 80 530 2 80 64 5 2 80 
Impeller 

Turbine 1325 0 1580 0 1790 0 

Result ant 
Brg. Loads 

( l b )  

Ball Brg. 225 20 265 23 300 25 
(PUT end) 

Roller Brg. 1660 169 2000 168 2275 167 
(turbine end) 
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main P W  2 
discharge 

LOX I n l e t  

'7 t o  c e n t e r l i n e  of 
t h r u s t  chamber 

HPFTP (from pmp-end looking toward turbine-end) 

fuel 
discharge 

f u e l  

t o  c e n t e r l i n e  of 
t h r u s t  chamber 

i n l e t  
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HPOTP Two-Bearing SHAl3ERTH Input 

SSHE (P6W-.4iD) L9X TURBOPUHP ( A T D - H P O T P )  - 
61 LLOC 4LOC 

25977. 2 0 5 -20 .OOl 

55. OOG 1 1  .1696 3 . 6 7  
20.6000 

.52 .58 
.014 .014 .014 2 .  

+! 84.176 3.99 0.254 
.058&20 - ,11680 34.96 34.96 

20.OCs 60.00 80.88 109.70 
2.065E5 2.090E5 2.090E5 2.050E5 

.279 .270 .270 .270 
8.21G 7.740 7.740 7.740 

.- BALL 6 ROLLEE BEARINGS- 109: 

3. 3 .  0. 
.010 1 1  

0 

2 .  2 .  

30.60 30.60 
130.00 181.0 

0.43 , 136 3 

2.065s 8111 
.275 E i w  

8.210 
11.16E-6 9.346E-6 9,346E-6 9.?46E-6 10.980E-6 

0.250 0.200 
c2 LLOC ( U S  5618) W . S  6265bIS1 9310) 1. 

100.000 14 -.0381 
15.000 15.000 695.96 
15.000 15.000 
0.000 0.250 1.041 10. 
0.200 0.200 0.20 1.500 1.50 
0.200 0.200 0.20 1.500 I .50 

-1.0 91.14 6.29 0.546 0.445 
0.0508 -0.1168 28.64 28.64 30.54 
20.0c 73.0 85.0 115.0 127.0 

2.188E5 2.120E5 2.120E5 2.180E5 2.231E5 
0.294 0.262 0.262 0.296 0.280 
8.220 7.250 7.250 8.190 7.750 

10.850E-6 7.257E-6 7.257E-6 8.076E-6 I2.522E-6 
0.100 O.!OO 

1. 0 .  
0 

7.62 
20. 

1.50 
1.50 

30.54 
178.0 

R o l l e r  
.1295 Bearlng 

0.1 
1 

- 1 4 5 . - 1 4 5 . - 1 4 5 . - 1 4 5 . - 1 4 5 . - 1 4 5 . - 1 4 5 . - 1 4 5 , - 1 4 5 . - 1 ~ 5 . - 1 4 5 . - 1 4 5 . - 1 4 5 .  Initial 
-118.-118.-118.-118.-118.-118.-1i8.-118.-118.-118.-118.-118.-118. Tempera t u r e s  

11.67 0.0 33.34 2.121E5 1 

1 
1 
1 
1 
1 
1 
1 
2 
2 
3 
3 
3 

2 1  
2 2  
3 
3 

3 

SBRGNUH 
LOUT- 1 

SEND 
SJSPRG 

1 

0.0 0.0 
63.50 11.67 
64.85 23.34 
76.20 23.34 
107.95 20.00 
228.60 20.00 
406.40 20.00 
444.50 20.00 
555.63 20.00 
92.08 0.0 
488.95 0.0 
44.45 -545.8 
228.60 181.5 
533.40 1334.5 

0.0 
0.0 

44.45 106.1 
228.60 -1029.5 

Z j . 3 b  
23.3A 
20.00 
20.00 
20.0G 
20.00 
20.00 
0.0 

0.0 
0.0 
0.0 

0 . 0  
0 . 0  

3 3 . 3 4  
3 3 . 3 L  
40.01 
60.01 
40.04 
48.3L 
60.01 
73.34 

0.0 
0.0 
0 .0  
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 

33.34 2.121E5 
40.01 2.121E5 
60.01 2.121E5 
40.04 2.121E5 
48.34 2.121~ Dimensions 
60.01 2.121E5 
73.34 2.121ES 
0.0 2.121E5 

O'O Radial b 0.0 

0.0 0. 
0.0 -4448. Axial Loads 

(k-y p lane )  

0 .0  0. b d i a l  Loads 
0.0 0. (x-z plane)  

PREDEF-I.36839E-2,KSPRNG=82000., PLG.0-476.60, DE1.U-15.5E-3, 
INTCL-. tlI43, TCRUV-.06125 

SEND 
SFLGS 

SEND 
FLAG-'NOSPRG', SFLAG='SHa'. AXLO.0- .TRUE...TRUE.,.TRUE...TRUE. 
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38482. 2 0 5 - 2 0  ,001 .010 

05.000 1 1  . 1696 3.67 
B1 L40C 440C 3 

20.6000 
. 5 2  . 5 8  
.014 .014 .OlL 2 .  2 .  

- 1  84.176 3.09 0 . 2 5 4  0 . 4 3  
. 0 5 8 4 2 0  -. 11680 34.06 34.96 30.60 
20.00 60.00 80.88 109.70 130.00 

2.065E5 2.090E5 2.090E5 2.050E5 2.065E5 
.279 . 2 7 0  .270  .270 .275 

8.210 7.740 7 . 7 4 0  7.740 8.210 
11.16E-6 9.346E-6 9.346E-6 9.3b6E-6 10.980E-6 

0.250 0.200 
c2 &4OC(AYS 5618) AnS 6265(AISI 0310: I 

103.0clO 14 -.0635 
17.000 17.000 632.50 
17.000 17.000 
0.000 0 . 2 5 0  1.245 10. 
0.200 0.200 0.20 1 .SO0 1 .50 
0.200 0.200 0.20 1.500 1.50 
-1.0 93.00 5 . 8 1  0.546 0.445 

0.1270 -0.1980 34.61 34.61 3 2 . 5 4  
20.00 73.0 86.0 120.0 133.0 

2.188E5 2.120E5 2.120E5 2.180E5 2.231E5 
0.294 0.262 0.262 0.296 0.280 
8 . 2 2 0  7.250 7.250 8.190 7.750 

10.850E-6 7.257E-6 7.257E-6 8.076E-6 12.522E-6 
0.100 0.100 

1 

3 .  
0 

2 .  
.136 

30.60 
161 .0 

1. 
0 

8.80 

1 .SO 
1.50 
.lalo 
32.54 
178.0 

1: 
0 .  

3 

0 

20. 

0.10 

'Ba l l  
Bea r ing  

Roller 
Bearing 
- 

1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
3 
3 
3 
3 

2 1  
2 2  
3 

3 

SBRGNUh 
LOUT- 1 
SEND 
SJSPRG 

0.0 
69.85 
120.65 
198.40 
312.70 
436.60 
501.65 
519.11 
657.23 
1OL.78 
542.93 
222.25 
339.73 
469.90 
622.30 

469.90 

0.0 
20.00 
20.00 
20.00 
20.00 
20.00 
20.00 
20.00 
29.00 
0.0 
0.0 
93.4 
97.9 
498.2 
7962.3 

0.0 
0.0 

2825.5 

20.00 
20.00 
20.00 
20.00 
20.00 
20.00  
20.00 
20.00 

0.0 

0.0 
0 .0  
0 .0  
0.0 

0.0 

0.0 
41.67 
60.00 
41.67 
48.30 
51.67 
58.34 
63.34 
73.34 
0.0 
0 .c  
0.0 
0.0 
0.0 
0 . 0  

0 .0  
0 .0  
0 .0  

~ 2 0 2 . - 2 0 2 . - 2 0 2 . - 2 0 2 . - 2 0 2 . - 2 0 2 . - 2 0 2 . - 2 0 2 . - 2 0 2 . - 2 0 2 . - ~ 0 ~ . - 2 0 2 . - 2 0 2 .  I n i  t la1 
-202.-202.-202.-202.-202.-202.-202.-202.-202.-202.-202.-202,-202. Temperatures 

b1.67 ?.12*E5 
40.00 ?.12!E5 
41.67 ?.12!E5 
48.30 2.121E5 ~~ 

51.67 2.121E5 Shaft 
5 8 . 3 4  2.121~5 Drmensions 
63.34 2.121ES 
7 3 . 3 4  2.12lE5 
0.0 2.121E5 

0.0 -2891.3 Radia l  6 
0.0 0. m a d s  
0 . 0  0.  (x-y plane) 
0 .0  0.  

0.0 0.  Radial Loa6 
(x-2 plane) 

PREDEF-1.36839E-Z,KSPRNG-82000., PL0.0-478.60, DELM-15.5E-3, 
INTCL-.0043. TCRL!V-.06I25 

SEND 
SFLGS 

SEND 
FLAC='NOSPRC' ,SFLAG='SHA', MLOAD- .TRUL.,.TRUE...TRUE.,.TRL!E 
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HPOTP One-Ekaring SHABERTH Input 
( B a l l  Bearing) 

SSYE (Pi,G-;.TD) LOX TL'RBCPUXP ',:.TD-HPOTP) - SINGLE BALL BEAR.!NG - 1092 
25971. 1 1 1  

O S .  Q0CI 1 1  .I696 3 . 6 7  0. 
2 5 . 6  

61 44OC 440c  I .  1 .  0. 

G . 5 2  0 . 5 8  
0.014 0 . 0 1 4  0 . 0 1 4  2.0 2.0 2 . ci 
- : . o  8 4 . 1 8  3.94 0 . 2 5 4  0.432 . 136'2 

0.250 0.200 

P a l l  
Bearing 

- ~ ~ ~ . - i ~ 5 . - 1 4 5 . - 1 4 5 . - 1 4 5 . - 1 ~ 5 . - 1 4 5 . - 1 4 5 , - 1 ~ 5 . - 1 4 5 . - 1 4 ~ . - 1 4 5 . - ~ 4 5 .  I n i t i a l  
863.p Radia!  Load -4648 .  Axia l  Load Temperatures 

S F R G \ C ' I  
Lo"-- .!-I ' 

SEN3 
S2SPRG 
PREDEF-1.36839E-2 .KSPRXC-82~~90. , PLO.;D-478.60, DE1.W-15.5E-3, 
IK;CL=. 0 0 5 3 .  TCRUV- .Ob 125 

SESD 
SFLGS 

SESD 
FLAG='HOSPRG' SFLAG-'SH.;', .ULOAD- .TRUE.,.TRUE.,.TRUE.,.TRUE. 

HPOTP One-Bearing SHABEFTH Input 
( Roller Bearing) 

SSHE (PLU-.\TDI LOX TURBOPUHP (ATD-HPOTP) -- SISGLE R O L L E R  BEMING - 109'. 
1 1  25477. 1 

c1 440C (MS 56181 AH5 6265(~15! 0 3 i O j  1. 1. 0. 
100.000 1 4  - . 0 3 8 1  0. 
15.00G 15.000 695.96 7 . 6 2  
lS.'JC? 15.000 20. 
0.000 0 .250  1 . 0 4 :  10. 
0 . 2 0 0  0 .200  0 . 2 3  1.500 1.50 1.50 Roller 
0.200 0.200 0.20 1.500 1.50 1 . S O  EzTFGx 
-1.0 91.14 6.30 0 . 5 4 6  0.445 .1295 

0.100 0.100 0.10 
1 

-118.-118.-!18.-118.-118.-118.-118.-118.-~18.-118.-118.-i18.-118. I n i t i a l  
1675.1 Radia l  Load Tenperatures 

I .  

S B R G N W  
LOUT-1 

SEND 
SJSPRG 

PREDEF-1.36839E-2 ,KSPRNG-82000. .  PL00478.60, DELM*15.5E-3. 
INfCL-.0063. TCRUV-.06125 

SEND 
SFLGS 

SEND 
FL&-'NOSPRG' ,SFLAG-'SHA', AXLOAD- .TRtiE...TRUE.,.TRUE.,.TRUE. 
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HPFTP One-Bearing SHABERTH Input OF POOR QUALITY 

(Ball Bearing) e 
SSME (PLW-ATD) LH2 TURBOPUMP (ATD-HPFTP) - SINGLE BALL BEXI(1NC - 109; 

38462. 1 1 1  

95.000 11  .I696 3.67 0 .  
2b.6 

6: 4401 440C 1. 1. 0. 

Ball  
EGZix 

0 . 5 2  0 . 5 8  
0.014 0 .014  0.014 2.0 2.0 2.0 
-1.0 84.18 3.99 0.254 0 . 4 3 2  .1360 

0.250 0.200 
Initial 1 

-202.-?02.-202.-202.-202.-202.-202.-202.-202.-202.-202.-202.-202. meratures 
1329.0 Radia l  Load -2891.3 Axial Load 

SBRGNUY 
LOCT- i 
SEND 
SJSPRG 
PREDEF-1.36839E-2,KSPkNG-8200C., PLO/J)-478.60, DELW-15.5E-3, 
INTCL-.0063, TCRUV=.06125 
SEKD 
SFLGS 

SEND 
FLAG-'NOSPRC' ,SFLAG-'SHA', AXLOAD- .TRUE.,.TRUE.,.TRUE.,.TRUE. 

HPFTP One-Beaxing SHAI3ERTH Input 
(Roller Bearing) 

SSMf (PW-ATD) LH2 TURBOPUHP (ATD-HPFTP) -- SIKGLE ROLLER BEARING - 109:. 

c1 440C ( A n S  56 18) AYS 6265b.151 9310) 1. 1 .  0. 
38482. 1 l !  

103.000 1 4  -.0635 0. 
8 . 8 9  632.50 

0.000 0.250 1.245 10. 
0.200 0.200 0.20 1.500 1.50 1.50 
0.200 0.200 0.20 1.500 I .5@ 1 . 5 0  
-1.0 93.00 5.81 0.546 0.445 .lalo 

17.000 17.000 
17.000 17.000 20. 

Roller 
. Bearinq 

0.100 0.100 0. :o 
1 

-202.-202.-202.,-202.-202.-20?.-172.-202.-202,-20~.-202.-202.-~02. I n i t i a l  
10176.8 Radial  b a d  Temperatures 

SBRCNUX 
LOUT- 1 
SEND 
SJSPRG 
PREDEF-1.36839E-2,KSPRNG=82OOQ., PLOhP478.60, DELHX-15.5E-3. 
INTCL-.0063, TCRUV-.06125 

SEND 
SFLCS 

SEND 
FLAG-'NOSPRC' ,SFLAG-'SHA'. ULOAD-  .TRUE.,.TRUE.,.TRUE...TRUE. 
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